Lipids, in addition to being structural components of cell membranes, can act as signaling molecules. Bioactive lipids, such as sphingosine 1-phosphate (S1P) and lysophosphatidic acid (LPA), may act intracellularly as second messengers or be secreted and act as intercellular signaling molecules. Such molecules can affect a variety of cellular processes including apoptosis, proliferation, differentiation and motility. To investigate possible sources of bioactive lipids during development we have searched the Drosophila genome for homologs of genes involved in mammalian S1P and LPA metabolism. Here we report the developmental expression of 31 such genes by in situ hybridization to Drosophila embryos. Most show expression in specific tissues, with expression in the gut and nervous system being recurring patterns. q
Results and discussion
Lysophosphatidic acid (LPA), phosphatidic acid (PA) and sphingosine 1-phosphate (S1P) can act to promote cell survival, proliferation, and migration. These phospholipids have been shown to affect migration of neutrophils (Siddiqui and English, 1997) , vascular endothelial cells (Wang et al., 1999) , hematopoetic cells (Yanai et al., 2000) and smooth muscle cells (Boguslawski et al., 2002) . Additionally, S1P is implicated in human lymphocyte trafficking (Mandala et al., 2002) and heart precursor cell migration in Zebrafish (Kupperman et al., 2000) through activation of G protein-coupled receptors (Goetzl and An, 1998) . Rat lipid phosphate phosphohydrolase 1 (LPP-1, or PAP-2) is able to dephosphorylate extracellular ceramide 1-phosphate (C1P) as well as S1P, LPA, and PA, in vitro (Waggoner et al., 1996) . Two Drosophila homologs of this gene, wunen (wun) and wunen 2 (wun2), are important for guiding migrating germ cells (Starz-Gaiano et al., 2001; and are implicated in axon guidance (Kraut et al., 2001) . This raises the possibility that phospholipids act as secreted signals to guide cells in Drosophila.
Production and secretion of phospholipids are dependant upon a number of enzymes, as outlined in Fig. 1 . LPA secretion was first observed from thrombin-activated platelets (Eichholtz et al., 1993) and is reported in other cell types, such as ovarian tumour cells (Xu et al., 1995) . The mechanism of LPA secretion may vary by cell type, but in thrombin-activated blood platelets it is believed to occur via a cell surface or secreted phospholipase A2 acting upon PA (Eichholtz et al., 1993; Fourcade et al., 1995; Fig. 1A) . For C1P and S1P, the mechanism of externalization is unclear, however many enzymes involved in their synthesis have secreted or membrane associated isoforms that are candidates in their release (Fig. 1B and see below) . To investigate potential extracellular sources of S1P, C1P, PA, and LPA, we searched the Drosophila genome (Adams et al., 2000) for homologs of mammalian enzymes involved in phospholipid metabolism and potential release. The embryonic expression patterns of these genes are summarized in Table 1. structural features, suggesting different mechanisms of regulation and distinct functions. Mammalian DGK isoforms are classified into five sub-types based upon structural motifs (see Fig. 2 ; Topham and Prescott, 1999) .
Analysis of Berkeley Drosophila genome project (BDGP) sequences reveals five Drosophila DGKs (Adams et al., 2000) , one in each of the five mammalian classes: Dgk, CG31187, CG8657, rdgA and CG31140 (Fig. 2) . Expression and functional data was known for Dgk, rdgA and CG8657 (Table 1) . The previously uncharacterized DGKs, CG31187 and CG31140, are expressed similarly to Dgk. All three are detected in the ventral nerve cord, brain and peripheral nervous system (Table 1 and Fig. 3A-D) , although CG31140 is expressed more widely in the PNS compared to CG31187 (compare Fig. 3D versus Fig. 3B ).
Similar to several of the Drosophila DGKs, many of the mammalian isoforms show prominent expression in the brain: mRNA for the human homolog of CG31140, DAGKtheta, is detected predominantly in the brain (Houssa et al., 1997) . Homologs of CG31187 include hamster DGKeta, which is highly expressed in brain (Klauck et al., 1996) , and human DGKdelta, expressed mainly in skeletal muscle and testis (Sakane et al., 1996) .
Phospholipase A2
The phospholipase A2 (PLA2; EC 3.1.1.4) family of enzymes catalyze the hydrolysis of the sn-2 ester bond of phospholipids releasing lyso-phospholipid and free fatty acids. The family is classified into groups I-XII (Six and Dennis, 2000; Ho et al., 2001) . Groups I-III, V and IX-XII . Potential pathway for production of LPA and PA available for extracellular release. PA may be formed by phosphorylation of diacylglycerol by DGK or through PLD activity on a phospholipid such as phosphatidylcholine (R denotes a phospholipid headgroup). In thrombin-stimulated platelets, PA may be cleaved by a membrane bound or secreted PLA2 to generate LPA. LPA is also synthesized in the endoplasmic reticulum from glycerol 3-phosphate as a precursor for neutral lipid and phospholipid synthesis (not shown). LPPs can dephosphorylate LPA to generate monoacylglycerol and PA to generate diacylglycerol. Adapted from Moolenaar (1995) .(B). Sphingolipid metabolism in mammals. Ceramide can by synthesized de novo from serine in the endoplasmic reticulum (not shown) or via the catabolism of sphingomylein in the endosomal/lysosomal compartment or at the plasma membrane (shown). Ceramide may be metabolized to sphingosine, sphingosine 1-phosphate and ceramide 1-phosphate as shown. The reactions are reversible: sphingosine may be acylated through the action of ceramide synthase to yield ceramide, which in turn can be converted back to sphingomylein requiring sphingomylein synthase (not shown). R denotes an acyl chain. Fig. 2 . Domain structure of mammalian and Drosophila diacylglycerol kinases. Mammalian diacylglycerol kinases are classified into five classes based upon homology. The domain structure of nine representative human forms and the five Drosophila DGKs is shown. Dgk may be alternately spliced and both predicted domain structures are shown. The upper annotation is derived from the cDNA in Masai et al., 1992 and the lower is derived from predicted transcript CG18654-RB (Gadfly release 3) which is based solely upon homology evidence. CG31140 was previously known as CG5875. Domain abbreviations and putative functions: EF hands, involved in calcium binding; CRD (cysteine rich or C1 domain) may bind DAG; catalytic (DGK catalytic domain); accessory (DGK accessory domain); SAM (sterile alpha motif), protein-protein interaction; ankyrin repeats, protein-protein interaction; RA (Ras-associating domain); PH (pleckstrin homology), phosphoinositide binding. Adapted from van Blitterswijk and Houssa (2000) . use a catalytic histidine and are generally extracellular, disulphide bond-rich, small molecular weight proteins (13-15 kDa), which require millimolar calcium concentrations for catalytic activity. Groups IV and VI-VIII use a catalytic serine and are larger intracellular enzymes that have no disulphide bonds or calcium requirement (Six and Dennis, 2000) .
Based upon homology to mammalian enzymes or the presence of a PLA2 catalytic motif, Drosophila contains nine PLA2 genes. Four of these genes (CG1583, CG3009, a Genes are grouped into predicted function based upon homology to mammalian enzymes. CG numbers refer to GadFly Genome Annotation Database, release 3 (August 2002). The chromosomal localization is the estimated position given by GadFly. Maternal expression indicates uniform expression in precellularized embryos. No embryonic expression was observed at stages other than those indicated. Many of these genes, including some with no detectable embryonic expression, are represented in adult cDNA libraries suggesting expression at other times of development. CG11124 and CG30503) share high homology to each other and belong to group III. Three further genes contain histidine signature active sites: CG4346 and CG14507 have a PLA2 catalytic domain but show no homology over the remaining protein, and GXIVsPLA2 has homology to members of mammalian group XII. Drosophila contains two genes of the serine class: CG6718 has ankyrin repeats and resembles members of the VI group, and CG10133 shows most similarity to group IVB but is shorter than other members of the class. Each of these genes shows distinct expression patterns, as seen in Fig. 3E-I and described in Table 1 .
Lipid phosphate phosphohydrolase (LPP)
LPPs (type 2 PAPs, EC 3.1.3.4) can dephosphorylate PA, LPA, C1P and S1P at the plasma membrane. There are at least three LPP isoforms in humans (Roberts et al., 1998) and by homology, Drosophila contains eight LPPs. Although wun and wun2 have very similar expression patterns we noted several differences (Fig. 3J-T and Table  1 ; Starz-Gaiano et al., 2001) . wun and wun2 are expressed maternally but only wun2 RNA seems to be sequestered to the pole cells, the germ line precursors, where it remains until stage 5 (Fig. 3J, O) . During late embryogenesis (stage 16) wun is expressed prominently in the visceral mesoderm (Fig. 3N) , while wun2 is prominently expressed in pericardial cells at this stage (Fig. 3T) . wun and wun2 are located adjacent to each other on chromosome 2R and intriguingly five of the other Drosophila LPP genes are found in a cluster on chromosome 3L with the remaining LPP, CG12746, being located on chromosome 3R. None of these other LPPs show detectable expression in embryos by in situ hybridization (Table 1 ).
Phospholipase D
Phospholipase D (PLD) catalyses the hydrolysis of phosphatidylcholine (PC) to produce PA (see Fig. 1A ; reviewed in Exton, 1998) . Two mammalian PLD genes (PLD1 and PLD2) have been identified with several splice variants. The Drosophila genome encodes a single PLD, which is expressed ubiquitously throughout embryogenesis (Fig.  3U) . Both mammalian genes are also widely expressed however their relative abundance in different tissues varies (Colley et al., 1997) .
Sphingomyelinase
Sphingomyelinase (SMase; sphingomylein phosphodiesterase; EC 3.1.4.12) catalyzes the hydrolysis of sphingomylein to ceramide (see Fig. 1B ). Based upon pH activity profiles, cation requirements and subcellular localization, there are five major types of mammalian sphingomyleinases: an acid lysosomal sphingomyelinase (aSMase, Quintern et al., 1989) (Okazaki et al., 1994) and an alkaline sphingomyelinase (Duan et al., 1995) . aSMase is released by several cell types including endothelial cells and platelets (Romiti et al., 2000b; Schissel et al., 1998) and can potentially generate extracellular ceramide (Luberto and Hannun, 1998) .
Based upon homology, Drosophila has a single nSMase gene, CG12034, and four aSMase genes: CG3376, CG15533, CG15534 and CG32052 . These genes are widely expressed, as shown in Fig. 4A -H and described in Table 1 . The genes encoding the mammalian cytosolic Mg 21 independent neutral and alkaline activities have not been identified, therefore it is not currently possible to determine the Drosophila genes by homology.
Ceramidase
Ceramidase (acylsphingosine deacylase; EC 3.5.1.23) catalyzes the release of the amide linked fatty acid of ceramide to generate sphingosine (see Fig. 1B ). Ceramidases are divided into acid lysosomal (Li et al., 1998) , neutral (Mitsutake et al., 2001; Tani et al., 2000) and alkaline classes (Mao et al., 2001) . Murine endothelial cells and macrophages secrete neutral/alkaline ceramidase (Romiti et al., 2000a) that, in conjunction with secreted SMase, could provide extracellular sphingosine.
We were unable to identify a Drosophila acid ceramidase, but did find a homolog, CG1471, of mammalian neutral ceramidases. CG1471 (Fig. 4I-K) is expressed in the procephalic mesoderm, likely in the prohemocytes, which become macrophages in the embryo and migrate stereotypically anteriorly and posteriorly (Tepass et al., 1994) . Staining of the prohemocytes was not observed after stage 13.
The Drosophila gene CG13969 has weak homology to alkaline ceramidases and is expressed in the central midgut of late embryos (Fig. 4L-Q and Table 1 ). The rat intestinal tract contains neutral ceramidase activity and may function in the digestion of dietary sphingomyelin Lundgren et al., 2001 ).
Ceramide kinase
C1P can be produced by an ATP-dependent phosphorylation of ceramide, and a human ceramide kinase (EC 2.7.1.138) has recently been cloned (Sugiura et al., 2002) . Drosophila has a single homolog of this gene, CG16708. CG16708 RNA is detected in the hindgut from stages 11-13 and shows a speckled pattern in all regions of the midgut by stage 15 (Fig. 4R-T) . In contrast, the human and mouse forms are more widely expressed, being abundant in heart and brain and detectable in most tissues examined (Sugiura et al., 2002) .
Sphingosine kinase
Sphingosine kinase catalyzes the phosphorylation of the primary hydroxyl of sphingosine to form S1P (see Fig. 1B ). Two sphingosine kinases have been cloned from mouse, humans, and yeast with sphingosine kinase activity being both cytosolic and membrane associated (Banno et al., 1998; Gijsbers et al., 2001) .
Based on homology, we identified two Drosophila sphingosine kinase genes which are more closely related to each other than to the mammalian or yeast genes. CG32484 is maternally supplied and CG1747 shows high expression in the midgut initially appearing at stage 15 at the presumptive site of first constriction which will divide the second and third midgut segments (Fig. 4U) . The narrow expression of Drosophila sphingosine kinases contrasts with the human and mouse isoforms which show a broad tissue distribution (Liu et al., 2000; Melendez et al., 2000) . However, high levels of rat sphingosine kinase activity were found in rat intestinal mucosa (Gijsbers et al., 2001 ) and hSPHK2 was detected in the small intestine by Northern blot analysis (Liu et al., 2000) .
1.9. Sphingosine1-phosphate lyase S1P is degraded through either dephosphorylation, or by cleavage of the C2-C3 bond by sphingosine 1-phosphate lyase (EC 4.1.2.27; Fig. 1B ). This enzyme is encoded by a single gene in yeast (Saba et al., 1997) , and only one gene has been found in mice (Zhou and Saba, 1998) . Drosophila also has single homolog, Sply, which is dynamically expressed (Fig. 4W, X and Table 1 ).
Summary
Regulation of bioactive phospholipids is likely to be important during development. Our analysis suggests that during embryogenesis the gut may be an important source for the production and metabolism of these lipids. Furthermore, we see high levels of enzymes regulating the LPA pathway in the nervous system, implicating LPA or PA in the development or function of the nervous system. Many of the Drosophila genes described here, including some of those that we did not detect as being expressed in embryos, are represented in adult head and testis cDNA libraries (Rubin et al., 2000) , suggesting that LPA and S1P also have signaling functions in adult tissues.
Experimental procedures

Molecular techniques and database search
Drosophila lipid metabolism genes were identified by searching the Drosophila genome (Gadfly, release 3) for homologs of mammalian genes using the BLASTp program (Altschul et al., 1997) . Additionally, the Drosophila predicted proteins (BDGP) were scanned for those that contain DGK (InterPro IPR001206) or PLA2 catalytic domains (IPR001211). Molecular techniques were carried out using standard protocols (Sambrook and Russell, 2001) . Drosophila ESTs (ResGen) were sequence verified and used as templates for RNA probe manufacture (see Table 1 ). wun and wun2 cDNAs are referenced in Starz-Gaiano et al., 2001 . For the remaining genes, except those listed below, we cloned portions of the coding sequence by PCR amplification of D. melanogaster genomic DNA using the primers ATGGGAAATGGTGGAAAGACG and CTACTGCC-CACTGGTGGTC for CG1747; GGCGACGAGGCTAT-CTTTGAGGAC and GCCGACGCTGGGATTGTGAA-GAAC for CG11124; ATCAGCTGGCAGAACTCGTATC and TCACTAGGCTCACTTAACTTTTCA for CG14507; CGAGGCGGAGGAGACTGTTC and TCCGCCATTAT-TATCATCCGTATC for CG15534; AGGCGATGGCA-CCGTAGCAGAG and TCGCGCCGCAGATCATAAA-GAAA for CG16708; ACCATGCCGAAATTCTGCTC-TACG and TCCTCCTCGCTGCCGCTTACG for CG30-503; ATGCTGCTTGGCAGCCGAAT and TTGTCA-CAATGGGCAATGGAG for CG32484; TTGAACACCC-CACTGACGAT and AGATTGGGGTTTAGCAGATG for Pld. The fragments were cloned into pTopo vector (Invitrogen).
cDNAs of wun like genes were amplified by RT-PCR from 0-24 h embryonic RNA using the restriction-site tagged primers CGGAATTCCTTGAATCGATCGCACG-GATC and GCTCTAGAGCTAATTAGAGATGTGG-CACG for CG11425; CGGAATTCCAATGCGCGACG-CACCAGAAG and GCTCTAGAGCTAAACCTTAGAG-CAGTACTG for CG11426; CGGAATTCCATGTGCGG-CAATCCGAACAC and GCTCTAGAGTCAGTAGCC-GTAGGTGGCTC for CG11437; CGGAATTCCATGTC-CAAGTATTCGAAGCTG and GCTCTAGAGTCACGG-CACGTAGCCGTAG for CG11438; CGGAATTCCATG-CACACTTTCAAAAGGG and GCTCTAGAGTCAGAC-GACGTGGGTCAG for CG11440; CGGAATTCCAAT-GACTGCGAGCAAGGAAGG and GCTCTAGAGTTAG-TACCATTTGGACTCC for CG12746. The resulting fragments were sub-cloned into pBluescript (Stratagene).
In situ hybridization
DIG-labeled RNA antisense probes were synthesized from linearized EST, pTopo or pBluescript clones using the DIG labeling system (Roche). Embryos were fixed and in situ hybridization carried out according to Lehmann and Tautz (1994) . For each gene, control sense probes were manufactured and hybridized to embryos to illustrate background staining intensity.
